We have performed resistivity and inelastic neutron scattering measurements on three samples of Fe0.98−zCuzTe0.5Se0.5 with z = 0, 0.02, and 0.1. It is found that with increasing Cu doping the sample's resistivity deviates progressively from that of a metal. However, in contrast to expectations that replacing Fe with Cu would suppress the magnetic correlations, the low-energy (≤ 12 meV) magnetic scattering is enhanced in strength, with greater spectral weight and longer dynamical spinspin correlation lengths. Such enhancements can be a consequence of either enlarged local moments or a slowing down of the spin fluctuations. In either case, the localization of the conduction states induced by the Cu doping should play a critical role. Our results are not applicable to models that treat 3d transition metal dopants simply as effective electron donors.
I. INTRODUCTION
The effects of substitution of 3d transition metals (such as Co, Ni, Cu, etc) on the crystal and magnetic structure, Fermi-surface topology, superconductivity, and magnetism in Fe-based superconductors have been widely discussed. [1] [2] [3] [4] Some initial studies on BaFe 2 As 2 (Ba122) have suggested that 3d metals such as Co partially substituted for Fe, act as effective electron donors.
1,4,5 Such approaches typically describe the doping effects based on a rigid-band shift model. [6] [7] [8] However, such a model has faced serious challenges from both the experimental and theoretical perspectives, 2,3,9-11 each of which indicates the inadequacy of a rigid-band description. Furthermore, there is a dichotomy between Co/Ni and Cu substitution effects in terms of the emergence of the superconductivity. In Ba122, with increasing Co or Ni doping, superconductivity appears concomitant with the suppression of the lattice distortion and magnetic order. 1, 4, 5 However, superconductivity in the Cu-doped case has been observed only in one Cu concentration with T c ∼ 2 K. 1, 5, 12 In this work, we explore the effects of transition metal substitution by carrying out resistivity and inelastic neutron scattering measurements on a different Fe-based superconductor system, namely Fe 1+y Te 1−x Se x (labeled the 11 system). We use Cu to substitute for Fe in Fe 0.98 Te 0.5 Se 0.5 , and measure how both the transport properties and low-energy magnetic excitations evolve as a function of Cu concentration. With increasing Cu substitution, the system is driven towards an insulator. The low-energy (≤ 12 meV) magnetic excitations respond to the Cu doping by showing enhanced spectral weight and longer dynamical spin-spin correlation lengths. This is in contrast to the expectation that using weakly (not) magnetic Cu to replace magnetic Fe 2+ suppresses the magnetic correlations. The behavior that we observe can be naturally explained by assuming that the main effect of Cu doping is to localize conduction states, thereby suppressing the itinerancy. As a result, either the local moments are enhanced, or the spin fluctuation rate is reduced, and the spectral weight is transferred to low energies. Either case will give rise to an enhancement of the low-energy magnetic scattering. Our results demonstrate that Cu substitution in the 11 system cannot be described by a rigid-band shift model. 
II. EXPERIMENTAL
The single-crystal samples of Fe 1−y−z Cu z Te 0.5 Se 0.5 were grown by the Bridgman method. 13 We studied three samples with nominal z = 0, 0.02, and 0.1, which we labeled as Cu0, Cu02, and Cu10. To minimize the effects of Fe interstitials, a nominal composition of y = 0.02 was used for all three samples. From our previous Xray and neutron powder diffraction, and inductively cou-pled plasma measurements on the sample compositions, the maximum deviation of the real composition from the nominal one will be less than 2%.
14, 15 The resistivity was measured with a standard four-probe method. The lattice constants at room temperature are a = b ≈ 3.8Å, and c = 6.1Å, using the two-Fe unit cell.
Neutron scattering experiments on Cu02 and Cu10 samples were carried out on the HB1 and HB3 tripleaxis spectrometer at the High Flux Isotope Reactor, Oak Ridge National Laboratory. The Cu0 sample was measured on PUMA at FRM-II (Garching, Germany). On all the three spectrometers, we used the fixed final energy (E f ) mode with E f = 14. 
where µ B is the Bohr magneton, f (Q) is the wave-vector (Q) dependent magnetic form factor of Fe 2+ , p is a constant of 0.27×10 −12 cm, n j and σ inc,j are the molar ratio and the incoherent cross section for the element in the compound respectively.
III. RESULTS AND DISCUSSIONS
We first present our results by showing the a-b plane resistivity vs. temperature (ρ ab -T ) curves for Cu0, Cu02 and Cu10 samples in Fig. 1 . Without Cu substitution, the sample has the highest critical temperature T c of ∼15 K among the Fe 1+y Te 1−x Se x system. 18 As shown in Fig. 1 , for Se concentrations close to 0.5, the resistivity decreases with decreasing temperature before it drops to zero at T c , exhibiting a metallic behavior. 19, 20 The T c is suppressed rapidly by the Cu doping-with 0.02-Cu substitution, it is reduced to 8 K. In the normal state, the temperature dependence of the resistivity differs from that in the Cu-free sample. Specifically, the resistivity increases gradually with decreasing temperature, as in a narrow-band-gap semiconductor. Also, with 2% Cu doping, the value of the resistivity has increased by almost an order of magnitude. With 10%-Cu doping, the sample is no longer superconducting, and behaves like an insulator. The resistivity is about 4 orders of magnitude larger than that of the Cu-free sample. We fit the a-b plane resistivity (ρ ab ) for Cu02 and Cu10 samples with the Mott variable range hopping formula ρ ab = ρ 0 exp(T 0 /T 1/(1+d) ), where ρ 0 , T 0 are constants, and d is the dimensionality. 21 With d = 3, the data can be fitted reasonably well, as shown in Fig. 1 and its inset. This indicates that the Cu02 (in the normal state) and Cu10 samples behave like threedimensional Mott insulators, similar to the behavior in Cu-doped FeSe for Cu doping larger than 4%. Given the dramatic change of the transport properties with Cu doping, it is important to explore the corresponding response of the magnetic excitations by carrying out inelastic neutron scattering measurements. In one of our previous studies, 24 we have done measurements in the low-temperature range and observed interesting connections between the occurrence of superconductivity and the shape of the magnetic excitation spectrum (see also Ref. 25) : for the superconducting samples, the spectra exhibit a two-vertical-line shape at high temperatures, and transform to a "U" shape at temperature ∼ 3T c ; while for the nonsuperconducting ones, the spectra remain the two-vertical-line shape in the whole temperature range. In this work, we will focus on the high temperature range with temperature T ≥ 100 K. In Fig. 2 , we plot contour maps for a series of scans around (0.5, 0.5) and (0.5, 0) at constant energy of 6 meV at 100 and 300 K for each of the Cu0, Cu02, and Cu10 samples. Similar as previous studies, 14, [24] [25] [26] [27] [28] for Se content close to 50%, there is not much spectral weight around (0.5, 0), and there is neither static magnetic order near (0.5, 0.5) nor (0.5, 0). At this temperature range, the scattering is incommensurate, with the strongest scattering occurring at wave vectors displaced from (0.5, 0.5) along the [110] direction. From the 100-K data [ Fig. 2(a) , (c), and (e)], it is clear that the spectral weight is greatly enhanced in the Cu10 sample compared to that of the Cu0 and Cu02 samples. For each sample, as the temperature increases from 100 to 300 K, the magnetic excitations become broader, especially along the [110] direction. However the temperature dependence of the Cu10 sample differs from that of the other two in an important way. As shown in Fig. 3 , while the scattering intensity for all three samples is comparable at 300 K, only in the case of Cu10 does it grow substantially on cooling to 100 K. We have studied the energy dependence of the enhancement on the integrated intensities for the [110] scan for the Cu10 sample at 100 K compared to that at 300 K, and the results are shown in the inset of Fig. 3(c) . At low energies, for example, from 2 to 10 meV, the integrated intensities are almost doubled. In Fig. 4 , we plot linear scans through (0.5, 0.5, 0) along the [110] direction at a constant energy of 6 meV at temperatures ranging from 100 to 300 K, where we find that the spectral weight is enhanced gradually upon cooling. For temperatures below 100 K, the scattering intensity appears to be saturated.
FIG. 2. (Color online)
Contour plots of the magnetic scattering at 6 meV at 100 K (upper panels) and 300 K (bottom) for Cu0 (left column), Cu02 (middle), and Cu10 sample (right).
In Fig. 5(a) we plot on linear scans along [110] direction through (0.5, 0.5, 0) at 100 K for the three samples. Comparing the scattering intensities between Cu02 and Cu0, it is apparent that there is some enhancement, but the margin is small. However, in the Cu10 sample, the intensities are almost doubled. In Fig. 5(b) we plot scans along the [110] direction through one of the two incommensurate peaks (0.7, 0.3, 0), where it is also quite clear that the peak of the Cu10 sample is much stronger. We extract the dynamical spin-spin correlation lengths at this temperature from the Gaussian fits to the [110] scan through the peak (0.3, 0.7, 0), and (0.7, 0.3, 0), and average the correlation lengths as ξ T . The correlation length extracted from the [110] scan through (0.7, 0.3, 0) is denoted as ξ L . The so-obtained values for the three samples are given in Table I . For the Cu0 and Cu02 samples, the dynamical correlation lengths are basically identical. However, the Cu10 sample does appear to exhibit a longer dynamical spin-spin correlation length, especially when one looks at the scan along the [110] direction through (0.7, 0.3, 0) (ξ L ). We have per- Fig. 5(a) . Lines through data are fits with Gaussian functions. In the inset of (c) we plot the ratio (R) of enhancement on the 100-K integrated intensities (I100K) to that of 300-K (I300K) for these scans at different energies, with R = (I100K − I300K)/I300K. The line through data is a guide to the eyes. TABLE I. Dynamical spin-spin correlation lengths at 100 K extracted from Gaussian fits to the [110] scan through (0.3, 0.7, 0) and (0.7, 0.3, 0) and averaged as (ξT ), and [110] scan through (0.7, 0.3, 0) (ξL) for Cu0, Cu02, and Cu10 samples. The dynamical correlation length ξ is estimated using 1/κ, where κ is the instrument resolution corrected full width at half maximum. The uncertainties of the correlation lengths are obtained from the resolution-convoluted Gaussian fits.
Cu0
Cu02 Cu10 formed similar scans at other energies from 2 to 12 meV, and the results are similar. Combining the results from Figs. 2 and 5, and Table I , we conclude that in the Cu10 sample, the magnetic scattering is significantly strengthened. Such an enhancement of the low-energy magnetic scatterings by Cu doping is intriguing. Normally, one would expect that substituting Cu for Fe would suppress the magnetic correlations. One plausible interpretation of the results is that in the Fe-based superconductors, the magnetic excitations have contributions from both local- ized spins and itinerant electrons, [29] [30] [31] [32] [33] [34] and more importantly, these two components are entangled with each other. 35 Thus, by tuning one component, one can affect the other. In our case, we infer that when the itinerancy of the system is suppressed by the addition of Cu, the local moments can be enhanced, which in turn strengthens the low-energy magnetic excitations. We note that in Fe 1+y Te, the enhancement of instantaneous moments occurred together with the transition from a more coherent to a less coherent electronic state.
35
In the case of Cu-doped FeSe, it has also been suggested that Cu substitution introduces local moments, and when Cu doping equals 0.12, the sample exhibits a spin-glass transition. 23 The results are interpreted by Chadov et al. who show that Cu is in a d 10 state, and with increasing Cu doping, the system evolves from a weak-moment itinerant state to a local-moment magnet. 36 Due to the Anderson localization, a metalinsulator transition can be induced. These results are consistent with our observations. There is another possibility, though, which is that the overall moments of the system are not enhanced, but due to the localization effects of Cu, the system tends to order magnetically. In this case, the spin fluctuation slows down, and the spectral weight is shifted to lower energies. Upon heating, the spectral weight redistributes. Carrying out time-of-flight measurements on the Cu10 sample with energy extending up to the top of the band (> 200 meV) 26 will be helpful to distinguish whether the moments of the system are enhanced or not. This work is under way.
In any case, our results show clearly that the main effect of Cu doping is to introduce localization into the system, and suppress the itinerancy. This indicates limitation of applying a rigid-band shift model, where the chemical substitution is treated as charge carrier doping. 7, 8 There have been some X-ray emission/absorption spectroscopy works on the Cu-doped Ba122 system, and it has been shown that the Cu 3d states are located at the bottom of the valence band in a localized shell.
37
This is consistent with what we see here for the Cu-doped Fe 1+y Te 1−x Se x case; this suggests that Cu may have a universal localizing effect across different Fe-based superconductor systems.
IV. SUMMARY
In summary, we have found that the substitution of Fe by Cu in Fe 0.98 Te 0.5 Se 0.5 drives the system from a metallic to an insulating state. Concomitant with the suppression of the system's itinerancy, there is an enhancement of the low-energy magnetic excitations. Our results are consistent with the idea that Cu doping does not introduce extra carriers into the system, but rather enhances a more localized state. Such observations do not favor a simple band shift model. Given the reports that Co/Ni and Cu may act differently when substituted into Ba122, 1,2,5,10,37 it will be interesting to study the effects of Co-and Ni-doping effects on Fe 1+y Te 1−x Se x , and specifically to compare those results with the Cu-doping effects presented here. 
